Abstract. The objective of this study was to investigate the expression of peroxisome proliferator-activated receptor-γ (PPAR-γ) in adipose tissue of the rat model of polycystic ovary syndrome (PCOS), induced by dehydroepiandrosterone (DHEA). Sixteen sexually immature Sprague-Dawley female rats were randomly assigned to the DHEA (n=8) or control (n=8) group. Adipose tissue was collected from the two rat groups following subcutaneous injection of DHEA in the DHEA group and a standard laboratory diet in the control group for 20 consecutive days. Reverse transcription polymerase chain reaction and western blot analysis were performed to detect expression of PPAR-γ at the mRNA and protein level in the adipose tissue. Both PPAR-γ mRNA and protein levels were decreased in the adipose tissue of DHEA-induced PCOS rats compared to the control group. This decrease was significant (P<0.01). These results suggest that the pathogenesis of PCOS, which shares a number of common features with hyperandrogenemia, may involve the lipid metabolism pathway through inhibition of PPAR-γ.
Introduction
Peroxisome proliferator-activated receptor-γ (PPAR-γ) is an essential nuclear receptor that acts as a key regulator of energy balance and is associated with hyperandrogenemia (1, 2) . Moreover, the PPAR-γ protein plays a pivotal role in modulating adipocyte differentiation, glucose and lipid homeostasis. Activation of PPAR-γ improves the action of insulin and reduces the risk of obesity by modulating adipocyte differentiation, glucose and lipid homeostasis (3, 4) . Deregulation of PPAR-γ was associated with metabolic diseases, including obesity, type 2 diabetes, and obesity-associated hypertension (5) .
Polycystic ovary syndrome (PCOS) is a common endocrine disorder in women of fertile age. PCOS is characterized by menstrual irregularity, ovarian and adrenal androgen overproduction, and insulin resistance (IR) (6) . IR was recently recognized as a key etiological factor in metabolic disorders such as obesity, type 2 diabetes, and obesity-associated hypertension. A previous study indicated that gene polymorphisms in the PPAR-γ gene are associated with PCOS occurrence in different ethnic backgrounds (7) . The PPAR-γ gene is mainly expressed in the adipose tissue, where it promotes the differentiation of preadipocytes into adipocytes and affects insulin sensitivity (8) . A study exploring the correlation between the PPAR-γ level and hyperinsulinemia suggested that hyperandrogenemia might be involved in the development of PCOS (9) . The study showed that PPAR-γ associates with PCOS pathogenesis. However, the expression of PPAR-γ in adipose tissue of women with PCOS has not been fully understood.
The level of the androgen dehydroepiandrosterone (DHEA) is high in the blood of women with PCOS, and thus, DHEA is applied to establish animal models of PCOS (10) . The DHEA-PCOS murine model exhibits many of the salient features of human PCOS such as hyperandrogenemia, IR, endocrine disturbance, follicle maturation disorders, and infertility (11) . Moreover, the DHEA-PCOS model has been widely used to study a number of adipocytokines from adipose tissue, such as adiponectin, resistin, leptin and tumor necrosis factor-α (TNF-α), which may influence the pathogenesis of IR in the PCOS (12) .
The present study was designed to investigate PPAR-γ expression in adipose tissue, and whether PPAR-γ induces or attenuates, through the lipid metabolism pathway, the PCOS stimulated by DHEA. Evaluating this aspect would allow understanding of the relationship between adipocyte differentiation and the development of PCOS, as well as provide information relevant to the improvement of the efficacy of treatment of PCOS in certain conditions. (13) . The rats in the control group received a standard laboratory diet for 20 consecutive days. During the experiment, the 4-day ovarian cycle of rats was monitored daily using vaginal cytology. The protocol was approved by the Ethics Committee of the First Affiliated Hospital of Jinan University (Guangzhou, China).
Materials and methods

Animals
Tissue collection. All rats were sacrificed by decapitation 24 h following administration of the last DHEA dose. Parametrial adipose tissue was rapidly excised and immediately frozen in liquid nitrogen or stored at -70˚C until further use for reverse transcription polymerase chain reaction (RT-PCR) and western blotting.
RT-PCR.
Total mRNA from adipose tissue was extracted from 16 fresh adipose tissue samples from the DHEA group (n=8) and the control group (n=8) using an RNA extraction kit (Omega Bioteh, Norcross, GA, USA) according to the manufacturer's instructions. The adipose tissue were pulverized with a pestle and mortar in liquid nitrogen. The mRNA concentration and purity were determined by a 1.0% agarose gel electrophoresis and spectrophotometric measurements; the optical density (OD) ratio at 260/280 nm was >1.8. Aliquots of mRNA (20 µg) from each sample were reverse transcribed using Oligo(dT) 18 primer and Moloney murine leukemia virus (MMLV) reverse transcriptase. The gene encoding β-actin was used as an internal control to normalize the results for variation in RNA quantities or differencies in the efficiency of reverse transcription. The primers used for amplification were PPAR-γ, forward 5'-GGTGAAACTCTGGGAGATCCTCC-3' and reverse 5'-AGCAACCATTGGGTCAGCTCT-3'; β-actin, forward 5'-CCTAAGGCCAACCGTAAAG-3' and reverse 5'-GGTCCACATTCTTTTCCTGATACTG-3'. Forty cycles of amplification were performed and each cycle consisted of denaturation at 95˚C for 30 sec, annealing at 60˚C for 1 min, and extension at 70˚C for 1 min, with an additional extension at 72˚C for 10 min. Five microliters of each RT-PCR product were loaded onto a 1.5% agarose gel, and subsequently visualized and quantified using GDS-8000 Gel Scientific Image System and ImageQuant analysis software (Amersham Pharmacia Biotech, Hong Kong, China). Densitometrical values were used to calculate the ratio of PPAR-γ to β-actin.
Western blotting. The adipose tissue samples were lysed on ice using cell lysis buffer and a protease inhibitor cocktail. After centrifugation at 10,000 x g for 20 min at 4˚C, protein concentrations were determined using the Pierce Bicinchoninic Acid Protein Assay kit by Thermo Scientific (Rockford, IL, USA). Total protein from each sample was denatured in loading buffer, fractionated on a 10% 1-dimensional SDS-PAGE gel, and transferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore Corp., Bedford, MA, USA). Blots were blocked for 2 h in TBST solution (20 mmol/l Tris pH 7.6, 137 mmol/l sodium chloride, 0.1% Tween-20) supplemented with 10% non-fat dry milk. The blots were then incubated with antibodies against human PPAR-γ (1:1,000; Cell Signaling Technology, Danvers, MA, USA) overnight at 4˚C, and against β-actin (1:3,000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 1 h at room temperature by agitating. The blots were washed three times for 7 min each in TBST, followed by incubation for 1 h at room temperature with anti-rabbit and anti-mouse IgG horseradish peroxidase-conjugated species-specific secondary antibodies. The bound antibodies were detected using the BeyoECL Plus enhanced chemiluminescence system (Beyotime, Shanghai, China). Band intensities were quantified by scanning densitometry using the Quantity One software (Bio-Rad Laboratories, Hercules, CA, USA).
Immunohistochemistry. Paraffin-embedded sections of adipose tissue from the DHEA group (n=8) and the control group (n=8) were used for immunohistochemistry. Positive staining was evaluated with the standard streptavidin-biotin system (Maixin Bio, Fuzhou, China). Sections (4-µm) were deparaffinized in xylene, hydrated through graded alcohol, and incubated in antigen retrieval solution (0.01-mol/l sodium citrate buffer, pH 6.0) at 60˚C for 16 min. Endogenous peroxidase activity was blocked by incubating the samples in 3% hydrogen peroxide for 10 min. Non-specific antibody binding was blocked by incubation in normal goat serum for 10 min. The PPAR-γ monoclonal antibody (1:100, Maixin Bio) was used as the primary antibody, and the sections were incubated with this antibody overnight at 4˚C. As negative control, we used sections of the same tissues incubated without the primary antibody. As secondary antibodies, biotinylated anti-mouse immunoglobulins were used, and the reaction was developed using the streptavidin-peroxidase system. The diaminobenzidine substrate-chromogen system (Maixin Bio, Fuzhou, China) was used as the color-developing substrate.
Statistical analysis. Data are expressed as mean ± standard deviation (SD). The difference between the two groups was evaluated by a t-test. P<0.05 was considered to indicate statistical significance. Statistical analysis was performed using the SPSS 16.0 (SPSS, Chicago, IL, USA).
Results
RT-PCR analysis. PPAR-γ gene expression in the adipose
tissue was analyzed by RT-PCR. A total of 16 adipose tissue samples were positive for the β-actin mRNA, and thus considered for subsequent examination of the mRNA level of PPAR-γ (Fig. 1) . The expression level of PPAR-γ in the DHEA group (12.83±3.87) was significantly (P<0.01) lower (28.83±4.15) compared to the control (Fig. 2) .
Western blot analysis. PPAR-γ protein expression in adipose tissue was analyzed by western blotting, and the level of the protein was normalized to that of β-actin (Fig. 3A) . The result of quantitative analysis of the 16 adipose tissue samples is shown in Fig. 3B . The relative optical densities of the PPAR-γ protein in the DHEA and the control group were 0.42±0.28
and 0.83±0.36, respectively (Fig. 3B) . The expression level of PPAR-γ was thus lower in the DHEA group, and this decrease was significant (P<0.01).
Immunostaining of PPAR-γ protein.
PPAR-γ-positive immunostaining appeared in the adipose tissue of the two groups (Fig. 4) . PPAR-γ staining mainly appeared in the cytoplasm near the membrane of adipose cells. Positive staining of PPAR-γ was also observed in the nuclei of adipose cells. PPAR-γ-positive immunostaining was strong in the control group and weak in the DHEA group.
Discussion
DHEA was found to be an abundant circulating androgen in women with PCOS (10). A mechanism underlying DHEA-induced PCOS involves endocrine disorder, which was related to abnormal levels of sex hormones (14) . In previous studies, we successfully induced PCOS in rats using DHEA (15, 16) . The nuclear hormone receptor PPAR-γ has been widely used to elucidate the potential metabolic mechanisms underlying the induction of PCOS by DHEA. In the present study, PPAR-γ expression was significantly lower in the DHEA group compared to the control group. This finding indicates that downregulation of PPAR-γ, induced by DHEA, might affect the pathogenesis of PCOS via yet undefined mechanisms.
The PPAR-γ gene is suspected to be involved in the regulation of adipose metabolism in humans, and is also a susceptibility gene for the development of both obesity and IR, frequently associated with PCOS (17) . Association of polymorphisms in the PPAR-γ gene with PCOS in women remains a controversial issue, with significance of correlations depending on the population (18, 19) . Therefore, whether there is a correlation between the expression of PPAR-γ and PCOS, and whether there is another pathway via which the PPAR-γ protein may exert its physiological effects on PCOS pathogenesis, independently of gene mutation or variation, is uncertain. We have demonstrated that expression of PPAR-γ was significantly decreased in rats with PCOS induced by DHEA. The results of this study on the effect of PPAR-γ in peripheral adipose tissue are consistent with the hypothesis that, apart from the direct endocrine function of androgen, hyperandrogenemia may induce metabolic abnormalities through regulation of PPAR-γ in women with PCOS (2, 8) . Moreover, previous studies have demonstrated that IR and hyperandrogenemia play a pathogenetic role in PCOS (10, 12, 20) . IR is a common feature of metabolic disorders including PCOS without exception of alterations in sensitivity to insulin which could be originated from PPAR-γ (4, 8, 16) .
Based on this study and the literature (8, 16, 20, 21) , we present a model for the potential association between DHEA, PPAR-γ and IR during the development of PCOS (Fig. 5) . If some endogenous factors (e.g., hormone disturbance) or exogenous factors (e.g., environmental contamination by androgens and estrogens) raise the androgen level to a certain degree, the endocrine balance may be altered. Androgens, as DHEA in Figure 1 . RT-PCR analysis of PPAR-γ and β-actin mRNA levels in rat adipose tissue samples. PPARγ mRNA levels of adipose tissues were decreased in DHEA group. Representative intensities are shown in DHEA induced rats (1, 2) and control rats (3, 4) .M, marker; PPAR-γ, peroxisome proliferatoractivated receptor-γ. 
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this study, may directly affect the action of insulin by inhibiting the activity and expression of glucose-6-phosphatase and phosphoenolpyruvate carboxykinase (PEPCK). DHEA increases glucose uptake in hepatocytes and increases insulin binding to its own receptor leading to hyperinsulinism, and eventually, IR (22) . It is generally accepted that IR is likely to aggravate clinical features of PCOS. On the other hand, DHEA may contribute to PCOS via another pathway, through reduction of the expression levels of PPAR-γ. In vivo and in vitro studies have demonstrated that DHEA activates phosphatidylinositol 3-kinase and atypical protein kinase C (PKC) via C/EBPα transcription factors to decrease the expression of PPAR-γ. The reduction in PPAR-γ protein levels might attenuate other adipocyte-specific phenotypes through changes in the spatial conformation of proteins such as glyceraldehyde 3-phosphate dehydrogenase (GAPDH), adipocyte lipidbinding protein (aP2) and sterol regulatory element binding protein (SREBP) (23, 24) . These proteins are transcriptional factors associated with hyperinsulinism, inevitably promoting PCOS. In addition, IR in PCOS reduces the concentration of peripheral tissues in PPAR-γ via TNF-α, which is another PPAR-γ-reducing agonist (25) . The subsequent decrease in PPAR-γ expression further initiates the occurrence of a number of IR symptoms. Thus, we suggest that a complex and multiple network of interactions may characterize and regulate PPAR-γ, hyperandrogenemia, IR and PCOS. As shown in Fig. 5 , hyperandrogenemia induces PCOS through the classical IR pathway. Based on our results, the occurrence or development of PCOS in conditions of androgen excess may also correlate to the lipid metabolism pathway associated with the decrease in PPAR-γ. There is number of limitations in the present study, such as the limited sample size and the fact that we used an animal model. Therefore, whether additional pathways or negative feedback loops allow to bypass the regulation scheme presented in Fig. 5 remains to be investigated.
Expression patterns of PPAR-γ differ substantially in numerous diseases and tissues. In rat models of diabetes, the PPAR-γ gene was downregulated in the renal cortex and retina (26) , while it was upregulated in the aorta (27) . By contrast, in the present study, only a reduction in the transcription and translation of the gene was observed in DHEA-induced rats with PCOS, with concordant results from three independent methods of assessment of the expression of PPAR-γ. This indicates that PPAR-γ may exert various biological effects dependent on the tissue and other biological features. Thus, to understand the exact physiological effects of PPAR-γ on infertility of PCOS women, the variability and complexity of PPAR-γ expression need to be thoroughly studied. Although PPAR-γ is primarily expressed in adipose tissue, it can have direct or indirect effects on regulation of the function of ovarian granulosa cells, by affecting related adipocytokines that affect the normal release of oocytes (28) . Moreover, because of the alteration in lipid metabolism caused by impaired insulin signaling, regulation, by PPAR-γ, of its downstream targets is also impaired (29) . These two effects induced by PPAR-γ on ovary and lipid metabolism may constitute important factors contributing to the infertility of women with PCOS. PPAR-γ may thus play a role in the molecular linking of lipid metabolism to reproduction, with inactivation of PPAR-γ promoting infertility in women with PCOS. Thus, treating PCOS requires focalizing on, and understanding the PPAR-γ-related pathways, and potential therapeutic agents targeting this protein to enhance its activity have the potential to improve fertility.
In summary, results of this study have shown that DHEA excess can induce an adipose-specific reduction in PPAR-γ expression, which is associated with PCOS. The characteristics of PPAR-γ expression in adipose tissue of the PCOS rat model indicated that PPAR-γ may induce or promote PCOS through the lipid metabolism pathway. A complex network might promote development of PCOS, which in this study was associated with an increase in DHEA and a decrease in PPAR-γ levels. Both the metabolic and endocrine pathways are related to the pathogenesis of PCOS. Further studies are needed to elucidate the etiology of infertility and its association with PPAR-γ expression in PCOS. Improved therapeutic treatment in the clinic may involve developing agents specifically targeting PPAR-γ to increase fertility of women with PCOS.
